ABSTRACT: Suspension-feeding bivalves are often included in environmental monitoring because of their trophic position, widespread occurrence and sensitivity to a wide range of environmental factors. Therefore various indices of bivalve condition and growth have been developed, including morphometric condition indices (CI), scope for growth (SFG) and nucleic acid ratios (RNA:DNA ratio, RNA:protein ratio or RNA concentration). The sensitivity of these 3 indices has not previously been compared in the same individual bivalves, yet they are likely to have different temporal scales of detectable response to environmental processes. In 2 laboratory experiments (10 and 24 d duration) we investigated the combined effect of food availability and sublethal hypoxia on RNA concentration, CI and SFG in juvenile clams Paphies australis. RNA and CI increased rapidly (5 d) following exposure to high food treatment, but only CI showed a negative influence of hypoxia. Although SFG was affected by both food availability and hypoxia, the patterns were opposite to those of RNA and CI. This anomaly could be explained by the instantaneous change in feeding rates and a slower response in respiration rate (which was correlated with CI) to the uniform conditions under which SFG was determined. Our results emphasise the importance of combined effects of environmental factors on bivalve growth, highlighting the overriding influence of food availability, and imply that a combination of measures will give a more accurate representation of growth rate.
INTRODUCTION
Suspension-feeding bivalves are often key species in estuarine and coastal habitats (Dame 1993 , Gili & Coma 1998 ) and changes in their growth rate, abundance and distribution may have cascading effects on both benthic and pelagic ecosystems (Prins et al. 1998 , Norkko et al. 2001 , Dahlhoff et al. 2002 , Ellis et al. 2002 , Newell 2004 ). Because of their trophic position, widespread occurrence and sensitivity to a wide range of growth-facilitating and growth-inhibiting factors, bivalves are often included in ecological monitoring and impact assessment (Goldberg et al. 1978) . Bivalve health is commonly assessed by measuring growth rate, which, in its simplest form, is determined by a change in tissue weight or shell length. However, to allow estimation of instantaneous growth rate and to obtain a more detailed picture of the growth process and factors affecting it, various physiological indices of growth and health have been developed, often with the aim of facilitating early detection of environmental change.
Among the most commonly used indices of bivalve health and growth are morphometric condition indices (CI) and scope for growth (SFG) . Morphometric CI are usually calculated from the ratio of flesh dry weight to some shell characteristic (e.g. weight or length), and because they are simple to determine and provide a useful measure of body composition and energy reserves, they are often used in environmental monitoring (Lucas & Beninger 1985 , Crosby & Gale 1990 . SFG is an integrated physiological and behavioural parameter reflecting the energy balance of an individual, i.e. the energy potentially available for growth, and is derived from rates of energy acquisition (feeding and absorption) and energy expenditure (metabolism and excretion) (Winberg 1960 , Smaal & Widdows 1994 . More recently, nucleic acid ratios (RNA:DNA ratio, RNA:protein ratio or RNA concentration; a measure of protein synthesis potential; Houlihan 1991) have been advocated as a sensitive and rapidly responding measure of bivalve short-term growth rate, applicable to ecological studies in natural habitats (Dahlhoff 2004) . The general assumption is that biochemical responses precede responses at higher levels of biological organisation and that nucleic acid ratios therefore may provide early indication of environmental perturbation.
Methods for detecting changes in the environment are continually developed and refined, and many modern biological indicators (e.g. biomarkers of chemical exposure) are intended to be very specific, with a clear dose-response relationship, so that the magnitude of the impact can be determined (Schlenk 1999) . Unfortunately, these criteria are not always tested (Schlenk 1996) . When using growth rate as the response variable, an integrated response to multiple factors with varying magnitudes and directions of effect is measured. Therefore a combination of measures will better explain changes in growth rate, as they have different temporal scales of detectable response and reflect environmental processes that operate at different temporal scales (Mathers et al. 1992 , Foster et al. 1993 . Although commonly used indicators of bivalve health, the sensitivity of nucleic acid ratios, SFG and CI has not previously been compared in the same individual bivalves. Here we examine the response of these 3 indices to a growth-facilitating and growth-inhibiting factor under controlled laboratory conditions. The purpose of the study was to clarify the indices' patterns and time scales of response when bivalves are simultaneously affected by factors with opposing effects on growth.
Hypoxia and food availability are 2 factors with clear effects on the health of marine species. The importance of food availability in promoting individual growth and structuring benthic communities is evident (Pearson & Rosenberg 1987 , Herman et al. 1999 ) and in bivalves it has been positively correlated with nucleic acid ratios (Wright & Hetzel 1985 , Dahlhoff & Menge 1996 , Menge et al. 1999 , SGF (Bayne et al. 1989 , Navarro et al. 1992 , MacDonald et al. 1998 ) and CI (Beukema & Cadée 1991 , Rheault & Rice 1996 . Oxygen availability is also a key factor in the metabolic processes of marine invertebrates. Aquatic organisms respond to hypoxia by (1) attempting to maintain oxygen delivery, (2) conserving energy expenditure, and (3) enhancing energetic efficiency and deriving energy from anaerobic sources (Wu 2002) . Bivalves in coastal and estuarine areas may frequently be subjected to hypoxia (Diaz & Rosenberg 1995) and tolerance is highly species-specific. Under laboratory conditions some species survive extended periods of hypoxia and even anoxia (Theede et al. 1969) , and some species, including the clam Paphies australis, have evolved efficient strategies for anaerobic energy production (De Zwaan 1977 , Carroll & Wells 1995 . Only a few studies have investigated its effects on indices of bivalve health (Sandberg et al. 1996 , Sobral & Widdows 1997 , while the influence of hypoxia on bivalve short-term metabolic rates has received considerable attention (e.g. Shumway et al. 1983 , Wang & Widdows 1993a .
We compared the short-term response of 3 commonly used indices of bivalve health to hypoxia and food availability. In 2 laboratory experiments we measured adductor muscle RNA concentration (RNA), a morphometric CI and SFG in juvenile clams Paphies australis under the central hypothesis that hypoxia impedes growth in suspension-feeding bivalves, whereas increased food availability has a facilitating influence. In Expt 1 we tested the effect of sub-lethal hypoxia on RNA and CI, and in Expt 2 we tested the interactive effect of food availability and hypoxia on RNA, CI and SFG. The inclusion of 2 environmental factors provides a simplified model of the field where multiple stressors/facilitators are working simultaneously. In standardising the experimental conditions and measuring the indices on the same individuals, the sensitivity of the indices could be directly compared. Moreover, through regular sampling during the experiment the response time of the indices could be determined.
MATERIALS AND METHODS
Study species. Paphies australis (Mesodesmatidae) is an intertidal suspension-feeding bivalve, which normally inhabits relatively coarse sediments and is common near the mouths of estuaries (Morton & Miller 1968) . Juveniles (25 to 35 mm) were chosen for the present study, as they exhibit rapid somatic growth and are predicted to be more sensitive to hypoxia than adults. P. australis can experience hypoxia during the regular immersion and emersion cycles, due both to shell closure and depletion of oxygen in shallow tidal pools. In addition, they may be exposed to hypoxia under macroalgal (Ulva) mats (Busing 1999). P. australis can survive up to 7 d under completely anoxic conditions in the laboratory and have enzymatic adaptations for energy production under periodic environmental hypoxia (Carroll & Wells 1995) . Thus only sublethal effects of moderate hypoxia were expected in this study.
General experimental setup. Juvenile Paphies australis (29.8 ± 2.9 mm in Expt 1 and 30.4 ± 2.6 mm in Expt 2) for both experiments were collected high on the shore in a sandy tributary estuary of Tauranga Harbour, New Zealand (37°67' S, 176°16' E), and transported to the laboratory approximately 1 h away in aerated seawater. Bivalves (42 and 50 per aquarium in Expts 1 and 2, respectively) were placed in 55 l aquaria filled with 5 µm filtered seawater (salinity 34 to 35 ‰) without sediment and acclimated to laboratory conditions at the collection site temperature (21°C in Expt 1 and 17°C in Expt 2). Initial bivalve size did not differ among treatments and aquaria were positioned to ensure uniform temperature and light conditions in all treatments. During the acclimation period (4 d in Expt 1 and 10 d in Expt 2) O 2 saturation was maintained at 100% by bubbling with air-stones and the bivalves were fed Isochrysis galbana (see below for rations). Small submersible pumps were placed in all aquaria to ensure a uniform concentration of both O 2 and food. Every second day biodeposits and food particles were siphoned from the aquaria and 30 l of the water was changed to prevent ammonia build-up.
At the end of the acclimation period, aquaria were randomly allocated to experimental treatments (see below). Different levels of hypoxia were achieved by bubbling with a variable mixture of nitrogen gas and air. In hypoxia treatments, a sheet of plastic was placed on the water surface to prevent diffusion of O 2 from the air. O 2 levels in the aquaria were measured 3 times a day with a calibrated YSI Model 58 Dissolved Oxygen Meter (Yellow Springs Instruments).
Expt 1: Effect of hypoxia. In this experiment the short-term effects of hypoxia on RNA and CI were tested during a 10 d experiment. The hypoxia treatments were 100, 80, 60, 40 and 20% O 2 saturation, with 1 aquarium per treatment and 42 bivalves per aquarium. The acclimation ration of 10 ml concentrated Isochrysis galbana culture (aquarium concentration = 2.5 × 10 5 cells ml -1 or 8 mg l -1 ) fed twice daily was maintained for the duration of the experiment. The daily ration corresponded to 14% of bivalve tissue dry weight at the start of the experiment and was not expected to limit growth (Epifanio & Ewart 1977) . On Day 0, 2 bivalves were removed from each aquarium for analysis of RNA and CI, before O 2 saturation was lowered to the designated levels. Thereafter, 10 bivalves were removed for analysis from each aquarium 2, 5, 8 and 10 d after initiation of hypoxia.
Expt 2: Effect of food availability and hypoxia. In this experiment the interactive effects of food availability and hypoxia on RNA, CI and SFG were tested. The experiment lasted 24 d, to extend the time scale from Expt 1. Treatments were low, medium and high food at 100% O 2 saturation (Low 100%, Medium 100% and High 100%, respectively) and low and high food at 40% O 2 saturation (Low 40% and High 40%, respectively), with 1 aquarium per treatment and 50 bivalves per aquarium. To induce only sublethal effects, 40% O 2 saturation was chosen, as some mortality had been recorded at 20% in Expt 1. During the 10 d acclimation period, all bivalves were fed at the Medium level: 4 ml of concentrated Isochrysis galbana culture twice daily (aquarium concentration = 1.0 × 10 5 cells ml -1 or 3 mg l -1 ), which represented a daily ration of 5% of bivalve tissue dry weight. After initiation of hypoxia and food treatments, the Low treatments received no food, the Medium treatment continued to receive the acclimation period ration, and the High treatments were fed 12 ml concentrated algae twice daily (aquarium concentration = 3.0 × 10 5 cells ml -1 or 9 mg l -1 ), a daily ration equivalent to 14% of bivalve tissue dry weight. On Day 0, 2 bivalves were removed from each aquarium for determination of RNA, CI and SFG, before O 2 saturation was lowered to the designated levels and the different food treatments implemented. Twelve bivalves were removed from each aquarium for RNA and CI analyses on Days 5, 12, 18 and 24. In addition, SFG was determined for the bivalves sampled on Days 12 and 24.
Scope for growth measurements. SFG was measured in Expt 2 to allow comparison of RNA, CI and SFG in the same individuals. SFG was determined under uniform conditions for all treatments, where differences in response can be attributed to the treatments to which bivalves have previously been subjected, to allow comparison of the short-term adaptability of bivalve feeding behaviour and physiology. As SFG cannot be measured under no-food conditions, the Medium food level was used. All measurements were conducted at the experimental temperature (17°C) and 100% O 2 saturation. It was not possible to measure SFG at the level of the individual bivalve due to their small size. Instead the 12 bivalves sampled from each treatment were divided into 3 replicate groups consisting of 4 individuals on which the physiological rates were measured.
Feeding measurements were performed in flowthrough chambers (1.7 l volume, 18.5 × 13 × 7 cm: l × w × h) and peristaltic pumps circulated seawater from a header tank through the chambers at a rate of 70 ml min -1
. From each treatment, the 12 bivalves were divided among 3 feeding chambers and acclimated in filtered seawater for 12 h prior to the start of the feeding measurements to standardise hunger levels. Before starting the feeding measurements, biodeposits produced during the acclimation period were removed. Subsequently, Isochrysis galbana was added to the header tank at a concentration equivalent to the Medium food treatment. Algal concentration in the header tank was monitored hourly with a fluorometer and algae were added as required to maintain a near constant concentration. After 5 h, biodeposits were collected from the feeding chambers and the bivalves were moved to respiration chambers (4 per chamber).
Feeding and absorption rates were calculated in accordance with the biodeposit method described by Hawkins et al. (1996) (Table 1) . Paphies australis generally produce very few pseudofaeces (pers. obs.) and none were produced in these experiments. The amount and organic content of faeces and diet was determined by filtering samples onto washed, preashed and weighed GF/F filters and rinsing with isotonic ammonium formate to remove salt. Filters were then dried at 60°C until constant weight and the organic fraction was calculated from the weight loss after combustion at 450°C for 6 h.
Respiration rates (R) were measured in filtered seawater in sealed respiration chambers. Thirty minutes after the bivalves were placed in the chambers, a water sample was collected by pressing down the o-ring sealed lid into the chamber, forcing water out through a sampling port. O 2 concentration was measured immediately and a further 2 samples were collected in this manner before the incubation was terminated. Initial O 2 saturations were between 96 and 100% and incubations were stopped before they dropped below 78% (6.1 mg l -1
). An additional chamber without bivalves was included to account for bacterial respiration. O 2 consumption was calculated from the change in O 2 concentration between samples, after accounting for changes in volume, and corrected for changes in the control chamber.
Tissue dry weight of bivalves used in the experiment ranged from 0.07 to 0.23 g. To account for differences in size, feeding and respiration rates were scaled to a standard bivalve of 0.15 g tissue dry weight (dwt) using the following equation:
where R s is the standardised rate, dwt s is the dry tissue weight (0.15 g) of the standard bivalve, dwt obs is the average dry tissue weight (g) of the observed bivalve, R obs is the observed rate per animal (i.e. measured rate divided by 4, the number of individuals per chamber), and b is the average coefficient of 0.66 for scaling feeding and respiration rates with weight (Bricelj & Shumway 1991) .
) was calculated as the difference between energy gained (net organic absorption rate, NOAR; Table 1 ) minus the energy expended (R). NOAR and R were converted to energy equivalents assuming 1 mg organic matter = 20.78 J (Crisp 1971) and 1 µmol O 2 = 0.456 J (Gnaiger 1983) , respectively. Losses due to ammonia excretion were not included in the SFG calculation, as they generally are a negligible fraction of the energy budget (Widdows 1993) .
RNA analysis. At the end of the SFG measurements and after removal of additional bivalves from the aquaria on Days 5 and 18, the adductor muscles were immediately excised under a dissecting microscope, frozen in liquid nitrogen, stored at -70°C and freeze dried prior to determination of total RNA concentration (µg mg -1 ). Muscle tissue from 2 individuals was pooled to provide sufficient material; it was pulverised in a glass mortar and 10 to 15 mg was used for the analysis. Extraction and spectrophotometric quantification of RNA was based on Chomczynski (1993), using TRI Reagent™ (Molecular Research Centre, # TR118/200). The tissue was homogenised in the reagent using a plastic micropestle, left at room temperature for 15 min and centrifuged at 12 000 × g for 10 min at 4°C to Hawkins et al. (1996) . TPM = total particulate matter, PIM = particulate inorganic matter, POM = particulate organic matter, ƒPOM = organic fraction remove insoluble material. The supernatant was separated into an aqueous phase (colourless), an interphase (white) and an organic phase (red) through the addition of chloroform, vigorous shaking and subsequent centrifugation at 12 000 × g for 15 min at 4°C. RNA was precipitated from the aqueous phase through the addition of isopropanol and subsequent centrifugation at 12 000 × g for 10 min at 22°C. The pellet was washed twice with 75% ethanol and then solubilised in 0.5% SDS, incubated for 10 min at 60°C, and cooled to room temperature. RNA was quantified by reading the absorbance against 0.5% SDS at 260 and 280 nm. As all samples had a 260/280 ratio >1.60, i.e. no protein contamination, all samples were included in the dataset. At 260 nm one absorbance unit corresponds to 40 µg ml -1 pure RNA and the results were expressed as µg RNA mg -1 tissue dry weight. Morphometric condition index. CI was determined using the gravimetric index recommended by Crosby & Gale (1990):
CI-grav = flesh dry weight × 1000/(whole live weight -shell dry weight)
This index estimates the proportion of the available shell cavity capacity utilised by the bivalve's soft tissues and thus reflects recent tissue accrual or loss. An index based on flesh dry weight/shell dry weight (CIshell) was also calculated for all bivalves and the same conclusions were reached with both indices (CI-shell data not presented). While the CI-shell index compares metabolism directed towards either shell growth or soft tissues, and does not account for possible variations in shell shape or thickness, the CI-grav index is decoupled from shell growth and shape. The weight of muscle tissue used for RNA analysis was included in the calculation of flesh dry weight.
Data analysis. To determine whether RNA and CI varied among treatments on different sampling dates in Expt 1, linear regression was used with oxygen saturation as independent variable. To determine whether RNA, CI, respiration rate and SFG varied among treatments and through time in Expt 2, a 2-way fixed factor ANOVA was used. When significant interactions were indicated, differences between treatments on a given sampling day were further explored using Tukey's multiple comparison tests. In addition, Dunnett's test (testing against one control group, α = 0.05) was used to test RNA, CI, respiration rate and SFG within a treatment over time against Day 0, to detect the point at which the index differed significantly from the initial value. Correlations between indices were examined using either the Pearson Product Moment Correlation or Spearman Rank Correlation as appropriate. Prior to analysis, data were examined for homogeneity of variances (F test) and normality (Kolmogorov-Smirnov), and ranktransformed where necessary. As the individual bivalve's physiological response was considered the replicate, treatments were not replicated at the level of the aquaria and any significant differences were assumed to be due to the applied treatment. Care was taken to ensure uniform general conditions for all aquaria (e.g. temperature, light, same water source, same food source). Furthermore, sampling over time reduced the risk of misinterpreting erratic treatment effects. For the RNA and CI measurements, a pool measurement from 2 individuals was used (yielding 5 or 6 replicates per treatment per sampling occasion in Expts 1 and 2, respectively), whereas for the respiration rate and SFG measurements a replicate consisted of 4 individuals. Statistical analyses were performed using StatView 5.0 for Macintosh computers and p < 0.05 was used as the general significance level.
RESULTS

Expt 1: Effect of hypoxia
Although hypoxia levels varied somewhat from the nominal levels, differences between treatments were maintained for the 10 d period (Fig. 1A) . After 2 d of hypoxia, individuals in the 20% treatment did not appear to be filtering at the same rate as in the other treatments, with smaller amounts of faeces produced and some individuals gaping excessively. The first mortalities were observed after 3 d of hypoxia, with 1 dead individual in the 20% and 1 in the 60% treatment. Dead bivalves were immediately removed from the aquaria. By the end of the experiment, the 20% treatment recorded the highest mortality with 16 dead individuals; in the other treatments mortality rates were low: 100% O 2 = 2, 80% O 2 = 8, 60% O 2 = 1 and 40% O 2 = 0 dead individuals.
RNA was not affected by the level of hypoxia on any of the sampling dates (Fig. 1B, Table 2 ). There was a weak decline in RNA in all treatments over the course of the experiment, but this trend was only significant in the 100% treatment (r 2 = 0.229, p = 0.0156). CI was more variable, but differences among treatments were not consistent through time or obviously related to treatment level (Fig. 1C) . For example, the lowest CI was observed at 100 and 20% O 2 saturation and the highest at intermediate saturations. Over time, the negative relationship between O 2 saturation and CI became somewhat stronger (Table 2 ). However, this pattern was driven by a slow decline in CI over time in the 100% treatment (r 2 = 0.345, p = 0.0020) and was thus not related to hypoxia. No significant correlation was found between RNA and CI (p > 0.05).
Expt 2: Effect of food availability and hypoxia
O 2 saturations in the different treatments remained relatively stable throughout the experiment, ranging between 89 and 99% in the 100% O 2 treatments, and between 32 and 51% in the 40% O 2 treatments (Fig. 2A) ; unlike Expt 1, no mortality was observed in any treatment. However, over time significant differences in both RNA, CI, respiration rates and SFG were found between treatments (Table 3, Figs. 2 & 3) .
Food availability, not hypoxia, appeared to be the major factor affecting RNA. In both the High 100% and High 40% treatments RNA increased rapidly during the experiment (Fig. 2B ) and no significant differences between these 2 treatments were detected on any sampling date (Table 4 ). In contrast, RNA decreased slowly in the Low 100% and Low 40% treatments, with no significant differences detected between these treat- Table 3 . Paphies australis. Expt 2: Results of a 2-way fixed factor ANOVA testing the effects of different food level-oxygen saturation treatments and days of exposure (time) on RNA adductor concentration and CI (rank-transformed data), and respiration rate and scope for growth (SFG) (non-transformed data). RNA and CI were measured 5 times during the experiment (Days 0, 5, 12, 18, 24) whereas respiration rate and SFG were measured 3 times (Days 0, 12, 24). All results are significant ments on any sampling date. RNA was significantly greater in both high compared with both low food treatments on Days 5, 18 and 24. In the Medium 100% treatment RNA increased rapidly towards the end of the experiment (Fig. 2B) , so that by Day 24 it was not significantly different from the 2 high food treatments (High 100% and High 40%) (Table 4) . CI followed a similar pattern to RNA, with clearly increasing indices in the high and medium food treatments (Fig. 2C) , and there was a significant overall positive correlation between the 2 indices (r = 0.805, p < 0.0001). Comparing RNA and CI in the different treatments with Day 0 (Dunnett's test) further demonstrated the comparable temporal trends in the indices. In the High 100% and High 40% treatments both RNA and CI had increased significantly by Day 18, whereas this increase was significant by Day 24 in the Medium 100% treatment. High 40% and Low 40% treatments, whereas already at this stage significantly higher RNA was found in the High 40% treatment compared with the Low 40% treatment (Table 4 , Fig 2B,C) . Over time the difference between CI in the High 100% and High 40% treatments increased, and by Day 24 CI in the High 40% treatment had started decreasing. However, no significant difference in CI was found between the Low 100% and Low 40% treatments on any sampling day (Table 4) .
SFG is a combination of both feeding, digestion and respiration responses. Hypoxia clearly affected bivalve feeding behaviour with consistently low clearance rates in the Low 40% and High 40% treatments, even though rates were determined at 100% O 2 saturation (Fig. 3A) . In contrast, in the 100% treatments, clearance rates changed over time, but were always highest in the Low 100% treatment and successively lower in the Medium 100% and High 100% treatments. Hypoxia also resulted in an absorption efficiency that was 40 to 70% lower in the Low 40% compared with the Low 100% treatment, and 20 to 40% lower in the High 40% compared with the High 100% treatment (Fig. 3B) .
Respiration rates were estimated as part of the SFG measurements (Fig. 3C ) and proved to be positively correlated with RNA (r = 0.734, p < 0.0001) and CI (r = 0.775, p < 0.0001). Similarly to RNA and CI, respiration rates appeared to respond to food availability, while being less affected by hypoxia. Even on Day 24 respiration rates in the Low 100% and Low 40% treatments were not significantly different from each other ( Table 4) . The same applied to the High 100% and High 40% treatments. However, the power of the analysis to detect significant differences was relatively low (n = 3). Respiration rates in the different treatments were also compared over time (Dunnett's test), but only differed significantly from Day 0 in the High 100% (Day 24) and Low 40% treatments (Day 12). As respiration rate is positively related to O 2 saturation, the low respiration rates exhibited by bivalves from the Low 40% and High treatments as measured under fully oxygenated conditions would likely have been even lower if measured at 40% O 2 saturation.
Average SFG was positive in all treatments on all 3 occasions (Fig. 3D ), but varied significantly between treatments and over time (Table 3) . However, SFG did not exhibit the same pattern as RNA and CI, and under the uniform conditions used for the SFG measurements, a weak negative correlation was suggested between these measures (SFG vs. RNA, r = -0.326, p = 0.0639; SFG vs. CI, r = -0.265, p = 0.1354). The instantaneous increase in feeding rate when the bivalves in the Low 100% treatment were supplied with food, coupled with low respiration rate, resulted in the highest SFG, followed by the Medium 100% and High 100% treatments. Lowest SFG was found in the Low 40% treatment. By Day 24, SFG in the High 100%, High 40% and Low 40% treatments was significantly lower than in the Low 100% treatment (Table 4) . SFG in the different treatments were also compared over time (Dunnett's test), but only differed significantly from Day 0 in the High 100% (Day 12) and Low 100% treatments (Days 12 and 24) .
To test the interaction between food availability and hypoxia, RNA, CI, respiration rate and SFG were com- (Table 5 ). The Medium 100% treatment was not included in this analysis to maintain a balanced design. Food level was the only factor affecting RNA whereas for CI and SFG food level, O 2 saturation and the interaction term were all significant. Respiration rate was significantly affected by food level, with a trend towards an effect of O 2 saturation and no significant interaction term (Table 5) .
DISCUSSION
Growth rate is an important component of the overall health status of an individual and changes in individual growth will have cascading effects on population dynamics. The combined effect of food availability and sublethal levels of hypoxia on RNA, CI and SFG in juvenile Paphies australis was tested in 2 laboratory experiments. RNA and CI responded rapidly to increased food availability, but only CI showed a negative influence of hypoxia. Although SFG was affected by both food availability and hypoxia, differences between treatments were not consistent with the other indices. However, respiration rate (a component of the SFG measurements) showed a pattern similar to the CI. To our knowledge, this is the first study to compare these indices in the same individual bivalves. This combination of physiological measures provides insight into the physiological and behavioural responses that will affect bivalve growth rates and represents information that cannot be deduced using only a single physiological measurement.
RNA and CI respond fast to growth-facilitating factors
In Expt 2, RNA, CI and respiration rates followed a similar pattern over time, although CI was somewhat more sensitive to hypoxia at maximum food availabilities; this may indicate that hypoxia causes a slowdown in tissue accrual through a decrease in protein synthesis due to lower RNA translational efficiency , Fraser et al. 2001 , although the RNA concentration remains unaffected (Smith et al. 1999) . RNA appeared to respond faster to increased food even under hypoxia, as RNA had started to increase in both the High 100% and High 40% treatments already after 5 d, while CI had increased only in the High 100% treatment. Further, the slow decrease in both RNA and CI under both starvation and hypoxia illustrates the slowness of response to negative factors. Thus our results suggest that both RNA and CI respond faster to factors facilitating growth than to factors inhibiting growth, and that especially RNA production is upregulated faster under favourable conditions than it is down-regulated under stressful conditions. This is further supported by observations of significant increases in both RNA and CI in Paphies australis and Austrovenus stutchburyi along gradients of increasing sediment resuspension, i.e. increasing food availability (J. Norkko unpubl. data).
By Day 24, RNA in both the Medium 100% and High 100% treatments approached the same level, possibly signifying a size-and species-specific maximum value. The existence of a potential upper and lower limit for RNA in combination with the concept of RNA being upregulated faster than it is down-regulated implies that the response of an individual will depend on its initial condition, with only minor responses expected in bivalves with initial high RNA (e.g. Expt 1). The lower limit for RNA conceivably represents the basal metabolism of the individual, as hypothesised by Houlihan (1991) .
The slowly decreasing RNA in Expt 1 could be due to the somewhat higher temperature in February, leading to faster metabolism and higher nutritional demands. As higher temperatures generally decrease organisms' tolerance to hypoxia (Stickle et al. 1989) , it is possible that the higher temperature in Expt 1 (21°C) con- tributed to the mortality, while the metabolism in Expt 2 (17°C) was slower and the bivalves could survive low O 2 saturations for a longer period. However, both temperatures corresponded to temperatures recorded at the collection site. As bivalves were removed from the aquaria during the course of the experiments, the relative food availability increased over time. However, in Expt 1 no effect of increasing food availability was detected after 10 d and in Expt 2 the main focus was on comparing the 2 low food treatments and the 2 high food treatments, and proportionately these treatments received the same amount of food. Nevertheless, increased food availability could explain the increase in RNA and CI in the Medium 100% treatment towards the end of Expt 2. Although the results of both Expts 1 and 2 are clear, some uncertainty arises from the use of only 1 aquarium per treatment and the findings may have been further validated by replicating the experiments at the level of the aquaria.
Scope for growth
The hypoxia in Expt 2 was only moderate, but nevertheless affected feeding rates and thus SFG. Bivalves from the Low 100% treatment had much higher clearance rates than bivalves from the Low 40% treatment, even though they had been under fully oxygensaturated conditions for 12 h prior to the feeding measurements. Similarly, Sobral & Widdows (1997) reported decreasing clearance rates in Ruditapes decussates under hypoxia and Wang & Widdows (1993b) found that feeding activity and ingestion rates declined under hypoxia in Mytilus edulis. The high clearance rates in the Low 100% treatment suggest that bivalves indeed regulate their feeding in relation to physiological needs, with starved individuals filtering more because of a presumed nutritional deficiency. Similarly, the lower clearance rate in the High 100% treatment on Day 24 may be due to decreasing nutritional demand as the bivalves had been fed well for several weeks. These results are in disagreement with the hypothesis of Jørgensen (1996) , who suggests that there is no regulation of bivalve feeding in relation to physiological needs or changes in food regimes. Rather the results support the views of Bayne (1998), who argues that bivalve feeding is a combination of behavioural and physiological characteristics, which respond to changes in food quality and quantity.
SFG measurements have utility both under standardised laboratory conditions, where effects of e.g. pollutants may be separated from effects of e.g. food quality, and under in situ field conditions, where the interaction of environmental factors may be determined. Our SFG measurements exhibited opposite patterns to RNA and CI, with the highest SFG in the Low 100% treatment. However, as the SFG measurements in this study were obtained under uniform conditions for all treatments, the results do not reflect the bivalves' growth potential in the long term, but rather give an indication of the short-term adaptability of the physiology and feeding behaviour of bivalves that have been subjected to differing food and oxygen regimes prior to the measurements. Therefore both the SFG and its different components need to be considered. As feeding has been positively correlated to respiration rates (e.g. Bayne et al. 1989 ), the combination of high feeding and low respiration rates in the Low 100% treatment is not likely to persist. However, over longer time scales SFG and CI are likely to be positively correlated, as reported by Rueda & Smaal (2004) , who found that seasonal changes in SFG were positively correlated with CI in Spisula subtruncata.
Food availability and hypoxia
Our finding that increased food availability overrides the effect of other factors corresponds well with other studies. Organic enrichment had a significantly larger effect than hypoxia on the growth of the polychaete Nereis diversicolor, the bivalve Abra alba and the brittle star Amphiura filiformis (Hylland et al. 1996) . Further, unlike food availability, temperature fluctuations did not affect growth of juvenile scallops Placopecten magellanicus (Pilditch & Grant 1999) . Similarly, a strong positive relationship between nucleic acid ratios (i.e. short-term growth rate) and food availability has been found in bivalves (Wright & Hetzel 1985 , Dahlhoff & Menge 1996 , crustaceans (Wagner et al. 1998 , Parslow-Williams et al. 2001 ) and juvenile and larval fish (Buckley et al. 1999 ). Yet these studies did not contrast negative and positive effects of stressors like in the present laboratory experiments.
Hypoxia has been recognised as a major problem on a global scale, being increasingly common in coastal areas as a consequence of eutrophication, and it affects marine ecosystems from the sub-cellular to the ecosystem level (Diaz & Rosenberg 1995) . Although hypoxia is known to affect individual growth (Gray et al. 2002 , Wu 2002 , relatively few studies have investigated the effect of reduced O 2 concentrations on nucleic acid ratios, SFG and CI in bivalves. Sandberg et al. (1996) found no effect on CI in Macoma balthica after 3 wk exposure to hypoxia, whereas Sobral & Widdows (1997) ), compared with normoxic habitats. However, they found only nonsignificant trends towards lower RNA:DNA ratios in hypoxia in 7 d laboratory experiments, whereas food availability had a significant effect. In contrast, Zhou et al. (2001) reported significantly lower RNA:DNA ratios in the common carp Cyprinus carpio after 7 d at O 2 concentrations of 1 mg l -1 . In crusian carp Carassius carassius hypoxia resulted in lower protein synthesis rates in muscle tissue, due to lower RNA translational efficiency, although the RNA:protein ratio remained high . In order to maintain vital functions, hypoxia-induced changes in RNA synthesis rates may be tissue-specific (Smith et al. 1999) , and may thus not be detected when only muscle tissue is sampled.
Bivalve adaptations
Some bivalves have efficient strategies for anaerobic energy production (De Zwaan 1977) and may reduce their metabolic rate in response to hypoxia (Storey & Storey 2004) , potentially explaining the slow response in RNA and CI in relation to hypoxia in the present study. Carroll & Wells (1995) suggested that intertidal species like Paphies australis are well adapted to environmental hypoxia. Similarly, Mayrand et al. (1994) noted that nucleic acid ratios in Mya arenaria did not change until the clams had been emersed for at least 14 h, likely reflecting the adaptation of intertidal animals to regular hypoxia during low tide.
In addition to regulation of metabolic rates, bivalves may mediate their response to changing conditions through regulation of feeding behaviour and absorption efficiency (e.g. Bayne et al. 1987 , Hawkins et al. 1996 , Iglesias et al. 1996 . In the present study the bivalves were fed only high quality food (or no food), with the aim of stimulating or reducing growth. Riisgård et al. (2003) showed that Cardium edule, Mytilus edulis and Mya arenaria reduce their feeding activity in the absence of algal cells, which may represent an adaptation to presumably frequent periods of low algal concentrations in the near-bottom water. This reduces oxygen uptake and consequently metabolism, which could explain the slow rate of decrease in RNA and CI in the Low 100% and Low 40% treatments of the present study.
The value of combinations of measures
A combination of physical and biochemical measures will give a more accurate representation of growth rate, as they reflect processes operating at different time scales (Mathers et al. 1992 , Foster et al. 1993 . Therefore combinations of measures will be more efficient in the detection of environmental change. For example, Wo et al. (1999) compared RNA:DNA ratios, SFG and shell growth as measures of sublethal effects of cadmium exposure in the gastropod Nassarius festivus; they found that shell growth was the slowest to respond (16 d), and that SFG was somewhat more sensitive than RNA:DNA ratios, but that both responded within 8 d of exposure and provided similar information. SFG can range from highly positive values under favourable conditions, to negative values when the individual is severely stressed and forced to utilise body reserves for basic metabolism. For example, SFG may be used to monitor environmental contamination over large spatial scales by bringing bivalves from different sites to a single laboratory for physiological measurements under standard, uniform conditions (Widdows et al. 1995) . Potentially SFG provides valuable information, as it is an integrated measure of feeding behaviour and metabolic rates, which explains the very short-term (hours) response to changed conditions. However, as feeding behaviour responds rapidly to changed conditions and metabolism responds more slowly, it is necessary to examine these components separately as well as the integrated SFG value and the results need to be interpreted with caution. Respiration rates reflect metabolism over somewhat longer time scales (days) and have been correlated with shell growth, e.g. in Placopecten magellanicus (Pilditch & Grant 1999) . RNA then extends the information on metabolic rates gained from the SFG measurements to providing evidence of the capacity for protein synthesis (days to weeks) and CI reflects changes in body composition and energy reserves, i.e. actual tissue accrual or loss (days to months). Utilising such a suite of measures is thus in accordance with recommendations to use combinations of measures integrating several different levels of ecological organisation for routine environmental impact assessment (GESAMP 1995) . It needs to be considered though, that the short-term nature of many individual-level indicators may limit their predictive value as indicators of complex ecological interactions (GESAMP 1995) , as relating short-term responses to long-term patterns even at the individual-level is difficult (Giesy & Graney 1989) .
In summary, over the 24 d covered in this study, hypoxia did not affect RNA and only had a limited effect on CI and respiration rate. It did however have an influence on SFG, through changes in feeding behaviour. In contrast, food availability had a more direct effect on all measures, with feeding behaviour responding fastest, provided the bivalve had not previ-ously been stressed by hypoxia. As RNA in this study was more sensitive to factors facilitating growth than to factors inhibiting growth, it appears that nucleic acid ratios could be good indicators of factors directly related to energy acquisition, while not being as acutely sensitive to stressors. This is particularly important in field applications, where food availability may not be pre-determined or controlled, and could explain why some studies have found only weak responses in nucleic acid ratios in relation to stressors such as hypoxia (Aday et al. 2000) , sedimentation (J. Norkko unpubl. data) and pollutants (Foss & Forbes 1997) . As feeding behaviour and depression of metabolic rates likely mediates the bivalve growth response to hypoxia, further investigations on the influence of hypoxia on bivalve growth rates over longer time scales are needed. These experiments illustrate the importance of the combined effects of environmental factors, with differing time scales and magnitudes of effect, which has implications for the design of experiments and surveys, and imply that a combination of measures will give a more accurate representation of growth rate.
